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Die ökonomische und umweltfreundliche Erzeugung von Elektrizität ist von bedeutender
Rolle um den Energiebedarf der Weltbevölkerung weiterhin zu decken. Hierbei spielen
erneuerbare Energien, wie die Photovoltaik, eine entscheidende Rolle. Die Photovoltaik
ermöglicht die Umwandlung von Sonnenenergie in Elektrizität ohne CO2 Ausstoß. Die








der OPV Module von Notwendigkeit. In dieser Arbeit wird gezeigt, dass optimierten
Interfacematerialien neben der Absorberschicht eine bedeutende Rolle zukommt.
DesignregelnfürexzellenteInterfacematerialienwerdenindieserArbeitaufgestellt.
IndieserArbeitwirddieStabilitätvonOPVZellenbeieinerangelegtenRückwärtsspannung
untersucht.EinehoheStabilität bei angelegterRückwärtsspannung ist insbesondere fürdie
abgeschatteteZelleinnerhalbeinesseriellverschaltetenModulswichtig,dadieabgeschattete
Zelle in Rückwärtsrichtung betrieben wird. OPV Zellen unter einer angelegten
Rückwärtsspannung degradieren unter der Abnahme des Parallelwiderstandes, begleitet
durch die Bildung von sogenannten „Hot Spots“, d.h. punktuellen Bereichenmit erhöhter
Wärmedissipation unter einerRückwärtsspannung.Der Parallelwiderstand bzw.Leckstrom
wirdalsentscheidenderParameterzurVorhersagederStabilitätvonOPVZellenidentifiziert.
OPV Zellen mit einem Leckstrom größer als 100IA/cm² bei >1V zeigen eine deutliche
Degradation bei Anlegen einer Rückwärtsspannung von >5V für 5h. Dagegen sind OPV





Die Anforderungen der OPV innerhalb von Gebäuden („Anwendung unter schwachem
Licht“) zur Erzeugung von Elektrizität wird ebenfalls experimentell untersucht. Es wird
gezeigt,dasseinhoherParallelwiderstandfürdieEffizienzderOPVZelleunterschwachem
Lichtdeutlichwichtiger ist alsunter einerSonne.OPVZellenmitgleicherEffizienzunter
einer Sonne, aber unterschiedlichen Parallelwiderständen haben bei schwachen
Lichtintensitäten (z.B. 1000lx) verschiedene Effizienzen in Abhängigkeit ihres
Parallelwiderstandes. Nur OPV Zellen und Module mit einem hohen Parallelwiderstand
haben eine hohe Effizienz sowohl unter einer Sonne als auch bei schwachen
Lichtintensitäten. Dagegen ist für Anwendungen der OPV unter schwachem Licht der
Einfluss des Serienwiderstandes geringer als bei Beleuchtung unter einer Sonne. In dieser
Arbeit wird gezeigt, dass für OPV Zellen unter schwacher Beleuchtung von 1000lx ein
Parallelwiderstand größer als 85kLcm² notwendig ist. Im Gegensatz dazu reicht ein






Licht werden jedoch exzellente Interfacematerialien benötigt, welche einen hohen
ParallelwiderstandderOPVZellebewirken.
Die IntegrationvonorganischenBypass>Dioden inOPVModule erlaubt dieProzessierung
vonModulenmitBypass>DiodenindengleichenProzessschritten,wasdieVorteilederOPV
beibehält. In dieser Arbeit wird gezeigt, dass OPV Zellen mit einem hohen
Parallelwiderstand gute organische Bypass>Dioden sind mit ähnlichen Eigenschaften wie
anorganische Bypass>Dioden. In dieser Arbeit wird gezeigt, dass ein hoher
ParallelwiderstandessentiellfürverschiedenAnwendungenderOPVist.HotSpots,welche
in zahlreichen OPV Modulen vorkommen, sind die Ursache für einen reduzierten
Parallelwiderstand. In dieser Arbeit wird aus der Kombination von Photostrom und
Thermographie eine Technik entwickelt, welche es erlaubt zwischen einer defekten
Interfaceschicht und einer defekten Absorberschicht zu unterscheiden. Diese Messungen
geben Aufschluss, welche der Schichten für einen höheren Parallelwiderstand optimiert




defekte Interfaceschichten sind. Daher sind optimierte Interfacematerialien notwendig, um
einenhohenParallelwiderstandeinerOPVZellenzugewährleistenundweiterzuerhöhen.
Ein erhöhterParallelwiderstandbeigleichzeitigniedrigeremSerienwiderstandwurdedurch
Modifizierung der Interface Schicht erreicht. OPV Zellen mit der Schichtenfolge aus den
Interfacematerialien polyoxyethylene tridecyl ether (PTE) und Titandioxid (TiOx) als
Elektronen>selektiverKontaktzeigenEffizienzenvon3.6%imVergleichzu3.2%fürOPV
Zellen ohne PTE. Diese Verbesserung wird auf eine bessere Benetzung von TiOx
zurückgeführt,dasichwederdieArbeitsfunktionnochdiechemischeZusammensetzungvon
TiOxdurchdasPTEverändert.
Die Notwendigkeit einer exzellenten und an das Absorbermaterial angepassten
Interfaceschichtwird imDetailanhandvonTiOxdiskutiert.TiOxerlaubtdieAnalyseeines
unangepasstenundeinesexzellentenInterfacematerialsinderselbenOPVZelle,dasichTiOx




ähnlicher Dynamik ändert, wie das Verschwinden und Auftauchen der S>förmigen J>V
Kennliniemit und ohne UVBestrahlung. Ergebnisse aus Simulationen untermauern diese
Beobachtungen.Durch die alleinigeÄnderung derBeweglichkeit oderDotierung derTiOx
SchichtistdieSimulationderJ>VKennlinienmitundohneS>Formmöglich.DerAbfalldes
elektrischen Feldes in der Nähe als auch über die Interfaceschicht aus TiOx und kaum
innerhalbderaktivenSchichtresultiertinderS>FormderJ>VKennlinie.FürJ>VKennlinien
ohne S>Form ist der Abfall des elektrischen Feldes hingegen hoch innerhalb der aktiven
Schicht. Eine experimentelleVerschlechterung der Leitfähigkeit der Interfaceschicht durch
Einbringen einer dünnen, isolierenden Schicht aus SiOx resultiert in einer
effizienzlimitierendenS>FormderJ>VKennlinie.DieseErgebnisseweisendaraufhin,dass
die S>Form der J>V Kennlinie auf eine Verschlechterung der Leitfähigkeit der
Interfaceschichtenzurückzuführenist.
Zusammenfassend wird demonstriert, dass die richtige Wahl der Interfaceschichten sehr
wichtigfüreffizienteundstabileOPVZellenundModuleist,sowohlfürdieAnwendungder





Interfacematerial beeinflusst wird. Ein unangepasstes Interfacematerial kann die Effizienz
undEigenschaften einerOPVZelle deutlich verschlechtern,was anhand vonTiOx gezeigt
wird. Die Eigenschaften sowie die zahlreichen in der Literatur beschriebenen
InterfacematerialiensindfürdenLeserzusammengefasst.
DieEntwicklungvonnocheffizienterenundstabilerenOPVZellenundModulenerhöhtdie
Attraktivität dieser Technologie weiter und macht sie konkurrenzfähig zu anderen PV
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One importantmilestone in the development of organic photovoltaic is the discovery and
developmentofconductingpolymersbyA.J.Heeger,A.MacDiarmidandH.Shirakawain
197612,13forwhichtheyreceivedtheNobelPrizeinChemistryin2000.14Asecondimportant









bonds) per C atom. The σ>electrons are strongly bound. (sp3>hybridized). Polymerswhich
have only σ>bonds in the backbone are electrically insulating. In order to have
semiconductingproperties,polymersmusthavebackboneswithalternatingsingleanddouble
bonds,which form a delocalizedπ>electron system. Polyacetylene is a basic example of a
conjugated polymer. The structure of polyacetylene is shown in Figure 2>1. Each carbon
atom has 3 strongly bound σ>bonds and one weak π>bond (sp2>hybridization). Optical
excitationofaπ>electronwithlightresultsinthetransitionoftheelectronfromtheground
state to an excited state. The transitionwith the lowest energy usually corresponds to the
promotionoftheelectronfromthehighestoccupiedmolecularorbital(HOMO)tothelowest
unoccupiedmolecularorbital(LUMO).TheenergydifferencebetweenHOMOandLUMO
















A fundamental difference between inorganic photovoltaic materials and organic
semiconductors is the creation of strongly bound electron>hole pairs (excitons) upon
absorption of light in the latter. The energywhich is required to split an exciton is in the
range of 0.1>0.4eV and is thus much larger than the thermal energy kT at standard
conditions.Moreover,theelectricfieldisnotsufficienttodissociatetheseexcitons.18Inorder
tosplitexcitons intofreechargecarriers, theenergycanbeprovidedbythe transferof the
electron toanelectronacceptingmaterialwithahigherelectronaffinity.A typicalorganic
semiconductingmaterialsystemwhichenableseffectiveexcitonsplittingandalsobeingused
in this work is poly(3>hexylthiophene) (P3HT) and [6,6]>phenyl C61 butyric acid methyl
ester(PCBM).Duetothehighabsorptioncrosssectionsofconjugatedpolymers,thedensity
of light>generated excitons is generally high in a bulk heterojunction cell. The diffusion
lengthofexcitonsistypicallyintherangeof5–10nm.18Diffusionoftheexcitontowardsa
donor>acceptor interfacewhere it issplit intochargecarriers is thus thelimitingprocessof
chargecarrierformation.Thelayerthicknessesinbilayerdevicesconsistingofacceptorand
donor are thus strongly limited to the diffusion length of excitons. This in turn limits the




and acceptor materials. The bulk heterojunction is not only a random mixture of two





anode and cathode is used. The definition dependswhether charge carriers are injected or
extracted. Due to the close proximity of holes and electrons in the bulk heterojunction
















created. (b) Excitons diffuse to the donor>acceptor interface and split into free carriers. (c) The
carriersaretransportedtotherespectiveelectrode,electronsbytheacceptortothecathodeandholes
















extracted from the solar cell. The open>circuit voltage (Voc) is defined as the externally
appliedvoltageatwhichnocurrentisflowingintheoutercircuit.AtVoc,allphoto>generated








difference in Vbi and Voc. For external voltages higher than Voc (V>Voc) carriers are
injected.Inopposite,forvoltagesbelowVoc(V<Voc),carriersareextractedtotherespective
electrodes, i.e. holes by the anode and electrons by the cathode. If the external voltage is
sufficientlysmaller thanVoc, theelectric field inside thedevice is sufficient toextract the
majorityofphoto>generatedcarriers,thusminimizingrecombinationlosses.Theshort>circuit




highest power is generated. The corresponding voltage and current atMPP conditions are
named VMPP and JMPP, respectively. The power output is maximum where the product of
voltagemultipliedwithcurrentismaximum.Graphicallythiscanberepresentedbythearea




























P *** ===η      (2.2)
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Forthemacroscopicsolarcellmodelthebasicelectricalequivalent>circuitisthe“one>diode>
model”which is shown in Figure 2>3.Thismodel consists of a diode, a current source, a
























II ,    (2.3)
where I is the current, I0 is the saturation current, kB is the Boltzmann constant, T is the

































































































































































performancedue toadecrease inFFand, toa lesserextent,also inVoc. Jsc isnotaffected,
becauseatshortcircuitconditionsnocurrentflowsthroughRp.Thedarkleakagecurrentat>
1V increases by a factor of 50 on going from Rp=690Ohm to 150Ohm. The injection
current does not change significantly. Upon variation of the serial resistance from
Rs=1Ohm to Rs=31 Ohm (Figure 2>4 (c) and (d)), the FF drops significantly while Jsc
decreases only slightly. Voc is not affected, because at open circuit conditions no current
flows through Rs. The leakage current does not change significantly when varying Rs.
Summarizing, Rp is the limiting resistance in reverse polarity whereas Rs is the limiting
resistance in forwardpolarity.ForhighefficiencyOPVcells ahighshunt resistanceanda
lowserialresistanceisthusessential.
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Amicroscopic devicemodel based on solving the full set of relevant coupled differential
equationsisutilizedforsimulatingJ>Vcharacteristics.Thismodelallowsthesimulationof
thebandstructure,electricalfielddistributionandotherimportantparameterswithinaone>



























































          (2.5)
withthemobilityIoftheelectronsandholes,thegenerationrateG,therecombinationrate
R, the electrical fieldE, and the densities of negative andpositive charge carrier n and p,
respectively,thecurrentofelectronsandholesIn,p,thenetcharge ρ ,theelementarychargeq
and the dielectric constant ε .19,23 For solving these equations and illustrating the band
2.3LightSources
15
structure the software PC1D24 is used which is based on the fundamental equations of
inorganicsemiconductorphysics.
$- .%	
The spectrum of the sunmatches bestwith a black body radiatorwith the temperature of
5760K.When lightpasses theatmosphere,differentpartsof the spectrumareabsorbedor
scattered by different atmospheric constituents. Oxygen, nitrogen and ozone absorb light
below300nm.H2Oabsorbslightat900,1100,1400and1900nm.CO2absorbslightat1800
and2600nm.Assuchthespectrumandlightintensityofthesunattheearthdependonthe
optical path length of the light through the atmosphere. The “Air Mass” (AM) factor
attributestothisandisdefinedasthequotientofthe“opticalpathlengthtothesun”andthe
“opticalpath length if the sun isdirectlyoverhead”.25Solar cells are typicallymeasuredat




























































mercury,andexcite those.Theexcitedatomsemit resonanceradiation. In thecaseof low>
pressuredischargelampswithmercury,i.e.fluorescentlamps,thisresonanceradiationisUV
radiation.TheUV radiation is transformed by different fluorescent powders coated on the
bulb into visible light.26 In dependence of the kind and amount of different fluorescent
powders used varying light colours can be designed. A typical value to quantify artificial
lightsourcesistheluminousflux.Theluminousfluxisdefinedastheenergyflowperunit



















































The processingmethods and the device structures investigated in this thesis are presented
here. Except for the electrode materials, it is attempted to deposit organic and inorganic
layersexclusivelybysolutionprocessinginambientatmospheresincethistechnologyhasa
great advantage concerning the up>scaling to fast, continuous and low>cost roll>to>roll
production techniques on plastic substrates. On the laboratory scale, doctor blading has
emergedasasuitablemethod toapply thin films fromsolution.Themetal topelectrode is








A blade moves over the substrate at a height of some 100Im. In the slit between the





the solid on the substrate.The substrate can beheated.The parameters affecting the layer
thicknessandthequalityofthelayerarethesurfaceenergyofthesubstrate, theamountof







The top electrodes of the device are metal contacts which are vapour>deposited onto the












structure indium tin oxide (ITO)/titanium oxide (TiOx)/P3HT:PCBM/PEDOT:PSS/Ag
illustrated inFigure2>9(a).Thisdevicearchitectureactsas referencefor further improved
structures and is the one under investigation unless otherwise noted. The corresponding
HOMOandLUMOlevelsoftherelevantmaterialsarepresentedinFigure2>9(b).




















































The ITO coated PET foil is cleaned for 10min in an isopropanol ultrasonic bath. TiOx is
depositedinasol>gelprocessbydoctorbladingonITO.Afterprocessing,TiOxisstoredfor
2hoursinairtobeconvertedbyhydrolysis.
The photo>active layer consists of a bulk>heterojunction of P3HT and PCBM. P3HT and
PCBM are dissolved in o>xylene and deposited by doctor blading on the ITO/TiOx layer
resultinginalayerthicknessof250nm.ThePEDOT:PSSsolutionisdilutedinisopropanol
andcoatedontopofthephoto>activelayer.Subsequently,themorphologyofthephotoactive
layer is adjusted by heat treatment. All process steps up to the photo>active layer are





































thiswork are presented. J>Vmeasurements, dark lock>in thermography (DLIT), ultraviolet
















mismatch factor of the solar simulator and P3HT:PCBM based solar cells is 0.8. The
intensityof thesolarsimulator isadjustedthataP3HT:PCBMbasedsolarcellsupplies the
expected current density at 1 sun. All measurements at 1sun are carried out using this
mismatchfactorof0.8.
For indoor measurements a fluorescent bulb with the light colour of 830 is used. The
spectrumoftheinvestigatedfluorescentlampisillustratedinFigure2>6.Themeasurement
setupiscalibratedtoanilluminationof500lx,1000lxand5000lx.Theilluminationinlxis






glass is separated with a laser and then coated with the sol>gel TiOx formulation or





























the lock>in frequency fli. The electrical power applied to the OPV cell results in the



















T         (2.6)







          (2.7)
where λ isthethermalconductivityand dρ  isthedensityofthesample.Theincreaseinfli
enhances the lateral resolutionof theheat sourceby reducing the thermaldiffusion length.
However, with increasing fli, the Pel applied to the cell and therefore 
T are reduced.
Therefore,forestimatingthesizeandshapeoftheheatsourceahighfliispreferablewhilefor
the detection of little inhomogeneities in temperature a low fli is preferable. Figure 2>13
presents theschematicsof theDLITmeasurementsetup.Apowersupplyunitprovides the





384*288 pixels. During one lock>in period, several images are taken and each pixel is







































Ultraviolet photoelectron spectroscopy (UPS) and x>ray photoelectron spectroscopy (XPS)
are used to analyze the surface chemistry of materials > to determine the elemental
composition,aswellasthechemicalandelectronicstructureoftheinvestigatedmaterials.In





Φ+−⋅= kb EhE υ           (2.9)
where 
Φ is the difference in the work functions between the detector material and the
sample.Surfacechargesareneglected.Eachelementischaracterizedbyaspecificrangeof
electron binding energies.Within this range, the binding energy varies with the chemical













In this chapter a literature review of the recent progress in the development and
understanding of interfacematerials for OPV is presented. The proper choice of interface
materialsisamustforhighlyefficientandstableOPVdevicesandhasbecomeasignificant
partoftheOPVresearchtoday.Interfacematerialsdonotonlyprovideselectivecontactsfor
carriers of one sort, but can also determine the polarity of OPV devices, be intrinsically
conductive layers, affect the open>circuit voltage, and act as optical spacers or protective
layers. In this chapter both inorganic and organic interface materials are discussed with
respecttotheirfunctionintheOPVdevice.
In thefirstpartof thischapter thegeneralconceptsofOPVrelated to interfacial layersas
wellasthefunctionofinterfaciallayersarediscussed.Inthesecondpartanoverviewofthe
materials reported in literature is presented includingmetals, dipole layers, n> and p> type






Interface materials are applied between the photoactive layer, i.e. donor and acceptor
materials,andtheelectrodematerials.Theunderstandingofthefunctionofthoseinterfacial
layers, i.e. metals, metal like materials, organic materials and combinations thereof, and




organic semiconductor until equilibrium is reached when spontaneous charge transfer
betweenthesetwolayersispossible.Incaseofnochargetransferbetweenthetwolayers,no
Fermilevelpinningtakesplace.
Figure 3>1 presents experimental results on the energy level alignment between the low>







Figure 3>1: Dependence of the work function ofmolecule>coated substrates (Фorg/sub) on the work
function of bare substrates (Фsub) for APFO>Green1.
34 The solid line is added as a guide to eye,
illustrating the slope=1dependenceasexpected forvacuum levelalignment.Thedashed linesare
addedasguides to theeye, illustrating the slope=0dependenceexpected foraFermi>levelpinned
interface.Adaptedwithpermissionfrom[35].Copyright2009,WileyVCH.
In this review we compare the absolute values of the work function. For substrate work
functionslargerthan4.6eVandlowerthan3.6eV,theFermilevelofthesubstrateispinned
toAPFO>Green1, i.e. to3.6eVand4.6eV, respectively. In the integerchargemodel these




states differ from the lowest unoccupiedmolecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) of the organic semiconductor. In between these states a linear









integer charge model as follows: Depending on the position of the Fermi level of the






c)Фsub<EICT>: Fermi>level pinning to a negative integer charge>transfer state. The charge>transfer>









(b)When theFermi levelof thesubstrate is inbetweenEICT+andEICT>, thevacuum
levelsalignandnoFermilevelpinningoccurs,.
(c)When the substratework function is smaller thanEICT>of thepolymer,electrons
will flow from the substrate to EICT> of the polymer and the Fermi level of the
substratewillbepinnedtoEICT>ofthepolymer.35
Analogously, the integerchargemodelcanbe transferred to stackedmultilayer systems.A




Interfacial layers enable theunipolar extractionofphoto>generatedcarriers from theactive
layertotheelectrodes.Photonsareabsorbedintheactivelayerbythephotosensitivelayer,
e.g. a polythiophene and a fullerene composite, excitons are created and split into free
carriers at the donor>acceptor interface. Electrons are transported to the cathode by the
acceptormaterial,holestotheanodebythedonormaterialandgetextractedtotheelectrodes
by the interfacial layer. The interface which is formed between the active layer and the















device needs to be investigated more closely. Two models are discussed extensively in
literature, themetal>insulator>metal (MIM)modeland theOhmiccontactmodel.TheMIM
model claims that Voc originates from the work function difference of the electrode
materials. This model is applied to non>ohmic contacts where no Fermi level pinning
between cathode>donor and anode>acceptor occurs. The MIM>model is supported by
experimentsofMihailetchiet.al.,whoreportthatfornon>ohmiccontactsVocisdetermined
bytheworkfunctiondifferenceoftheelectrodes.Thecathodematerialsarevariedwhilethe





theworkfunctionsfor the investigatedcathodematerials.Pdformsanon>ohmiccontact to
PCBM.40
Forohmiccontacts the situation isdifferent. Inchapter3.1 it isdiscussed thatFermi level
pinning occurs when the substrate work function exceeds EICT+ and is below EICT>,
respectively.TheseresultshavebeenexperimentallyconfirmedforP3HTandC60,thefruit
fly semiconductors forOPV.The relevant interfaces areanode>donor andcathode>acceptor
because electrons are transported by the acceptor and holes by the donormaterial inOPV
cells. Therefore, EICT+, EICT> and the respective band alignment at the interfaces formed
betweensemiconductingpolymer/interfaciallayer/electrodearerelevantfortheopen>circuit
voltageoftheOPVdevice.Thus,thehighestpossibleopen>circuitvoltageisthedifferenceof
EICT+ of the donor and EICT> of the acceptor, independent of the work function of the
interfacialmaterial, provided that Fermi level pinning occurs. Interfacialmaterials, whose
FermilevelislocatedbetweenEICT+andEICT>,reducetheVoc.Forinstance,theoriginofVoc
is investigated in detail for poly(2>methoxy>5>(3´,7´>dimethyloctyloxy)>1,4>
phenylenevinylene) (MDMO>PPV) blended with highly soluble fullerene derivatives as











In another experiment, the LUMO of the acceptor is varied and its influence on Voc is
investigated. It is found that raising the LUMO of the acceptor by 160mV (reduction
potential changed from >0.53V forN>3>[2>ethylhexyloxy]benzyl ketolactam to >0.69V for















Figure 3>4: Voc of different bulk>heterojunction solar cells plotted versus the oxidation
potential/HOMO position of the donor polymer used in each individual device. The straight line
representsa linear fitwithaslopeof1.Adaptedwithpermission from[42].Copyright2006,Wiley
VCH.
InconclusionVoccorrelateswiththeHOMOofthedonorandtheLUMOoftheacceptorin
the caseofohmic contacts > theFermi levels of the interfacial and electrodematerials are
pinnedtoEICT+ofthedonorattheanodeandEICT>oftheacceptoratthecathode.Fornon>














the active layer. Therefore, a bulk>heterojunction does not have a preferential direction to





in the normal as well as in the inverted structure. TiOx determines the cathode and
























material, the cathode, however, is either given by the LiF/Al contact or by the ITO/TiOx
layer. Both architectures give quite comparable performance, the differences in device












Some interfacial layers act as both, interfacial layer and electrode material. A low sheet
resistance of electrode materials (<10f/sq) is essential to transport the photo>generated
carrierswith little losses.Manymetals are typically utilized for the non>transparent back>
contact.Thematerialsforthetransparentfrontelectrodesaremuchmorelimited.ITOisthe
most prominent transparent electrode for OPV devices. ITO provides sufficiently high
transmittance (~90%) and low sheet resistance (~10f/sq). ZnO doped with group III
elements, i.e. B47, Ga48
>50 and Al.51,52 are alternative transparent electrode materials. Other
approachestoreplaceITOarecarbonnanotubes53,graphene54,highlyconductivepolymers55,
metal grids,56 metal nano>meshes57, optically thin metal layers alone58 or thin metals in
combinationwithothermetaloxides.59
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MostOPVdevicesconsistof a transparent front electrodeandanon>transparent reflecting
backelectrode.LightenterstheOPVcellthroughthetransparentelectrodeandisreflectedat
thenon>transparentelectrode.Therefore,thelightpassestheactivelayertwiceandastanding
wave is formed,with the electrical field strength |E|=0 at the reflecting electrode and its
maximumsomewhereinthebulk,dependingontherefractiveindexandthethicknessesof
thelayers.Theabsorptionoflightdependsontheelectricalfieldstrengthofthelightwhich
depends on the phase. For OPV cells with a photoactive layer thickness in the range of
100nm, interference effects may become important. The absorbing active layer thickness
needstobecorrelatedtothemobility>lifetimeproductofthephoto>generatedchargecarriers
withintheactivelayer,sothatmostphoto>generatedchargecarrierscanreachtheelectrodes.
Theoptical spacereffect isaconcept tooptimize theabsorptionwithin theactive layer.A
transparentlayerisinsertedbetweenthereflectingelectrodeandtheactivelayer.Depending
on the thicknessand refractive indexof the transparentoptical spacer layer, theabsorption
maximumcanbeshifted.Alayerthicknessofafew10nmmightbeenoughtoimprovethe
absorptionwithintheactivelayersignificantly.Onceoptimized,suchanopticalspacerlayer










Figure 3>7: Schematic representation of the spatial distribution of the squared optical electric field
strength |E|2 inside the devices with a structure of ITO/PEDOT/active layer/Al (left) and






electrodematerials.For example,metals areoftenusedas electrodematerialproviding the
conductivity needed to extract photo>generated carriers. The diffusion ofmetal atoms into











Since excitons and carriers are created in the entire active layer, interfacial layers form
selectivecontactsandhinderexcitonsandcarrierstorecombineattheelectrodes.68
>72Thus,
interfacial layers form a barrier for carriers of one sort, and pass by the carriers of the
opposite sort. For instance, the cathode enables or facilitates extraction and injection of
electrons,butblocksholes.Interfacial layerswhichactasanexcitonblockinglayerhavea








Some materials discussed in this review can be used as both, electrode material and




In organic electronics it is demonstrated that chemical dopingwith organic and inorganic







or transparent electrode or/and interfacial layer. Especially for Ag which is widely used,
severaldepositionmethodshavebeensuccessfullydemonstrated.Forinstance,spray>coating
ofAgnanoparticles78,Ag>pastesandtransparentAgnanowiremeshes79havebeenreportedto
be feasible for solution processing, which makes these materials attractive for roll>to>roll
printingprocesses.
Al, Mg/Ag, Ca/Al, Ca/Ag, Ba/Al ,Au, Ti are successfully used in OPV devices.80 A
combination of a low work function metal (Ca, Ba) with Ag or Al is a common way to
decreasetheworkfunctionoftheelectrodeandtopreventAgandAlatomsfromdiffusing
intothepolymericlayer.Theworkfunctionofthesemetalsrangesfrom5.1eVforAu81 to
2.7 for Ba81. Figure 3>8 illustrates experimental results for several electrode materials as
cathode in the normal device structure (ITO/PEDOT:PSS/P3HT:PCBM/cathode). Voc, FF
and the normalized efficiency is depicted. The pristinemetalsAl andAg have the lowest




clearly improvedbecause thesematerialsdecrease thework functionof thecathode,actas
protectionlayerandimprovetheselectivity.

Figure 3>8: Voc, FF, and normalized efficiency vs negative electrode type. Average values are
displayed both for individual and groups of substrates (ITO/PEDOT:PSS/P3HT:PCBM/cathode).
Error bars denote plus andminus one standard deviation. “Best” efficiency values are for devices
made by Reese et al.. Adapted with permission from [80]. Copyright 2008 American Institute of
Physics.















Many semiconducting interfacialmaterials are shown to be feasible forOPV applications.
Wedistinguishbetweeninorganicmaterials(metaloxides)andorganicmaterials,reviewing
themost prominent ones. Transparency, i.e. little absorption losses, is amust for efficient
OPVdevicesandallowstodepositthicklayerswithoutabsorptionlosses.Assuch,interfacial
materialsareoftenrequiredtobetransparentinthevisiblelightspectrum.Moreover,doped











theLUMOof the acceptor to the conduction band of themetal oxide is required.Awide
bandgapof the interfacematerial thenresults inabarrierforcarriersof theothersortand

























































Shrotriya et. al demonstrated that thermally evaporated transition metal oxides have the
potentialtoreplacePEDOT:PSS.TheystudieddifferentlayerthicknessesofV2O5andMoO3





A clear improvement in Jsc,Voc, FF and PCE is observed for all investigatedmetal oxide
layerthicknessescomparedtoOPVdeviceswithoutp>typeinterfaciallayer(ITOonly).Thin















Thesematerials are transparent in the visible radiation spectrum but absorbUV radiation.
The layer thickness of the interfacial layer is tunablewithout absorption losses in theVIS
lightandthuscanadditionallyactasopticalspacer.61
>63
Figure 3>11 illustrates the J>V>characteristics of inverted OPV cells with electrodeposited
amorphous (TiOx) or anatase (TiO2) titanium oxide as n>type interfacial layers with and
without UV irradiation. Without UV irradiation (<440nm) the PCE of the OPV cell is
drasticallyreducedcomparedtoanOPVcellwithUVirradiation.ThePCEwithandwithout





Figure 3>11: Photo I–V curves of the FTO/amorphous TiOx/P3HT:PCBM/PEDOT:PSS/Au and






Thedesignof3>dimensional structuresofmetaloxides isanotherapproach to improve the
PCE and many groups compare 2>dimensional ZnO layers with 3>dimensional
nanostructures102
>106.The increased interfaceacceptor/interfacial layer improves theelectron
transportandisexpectedtoallowforthickeractivelayers.107
Moret.al.presentedaverticallyorientedTiO2nanotubefilmwithP3HT:PCBMinfiltrated
into thenanotubesas illustrated inFigure3>12.PCEsashighas4.1%are reported in the
invertedstructure.108

Figure 3>12: Illustration showing the device configuration, materials used, and the direction of
illumination.Adaptedwithpermissionfrom[108].Copyright2007AmericanInstituteofPhysics.










Organic semiconducting layers can be distinguished into polymers and small molecules.
Smallmoleculestypicallyarethermallyevaporated,whilepolymersaresolutionprocessed.
Solution processing of organic interfacial layers is attractive for cheap and fast roll>to>roll
processing. Vacuum steps can be avoided but the downside is that orthogonal solvent
systems111 or cross>linkable polymers have to be used to allow stacking of the individual
solutionprocessed layers.P>type interfacematerials arehole transportmaterialswhichcan
additionally be p>doped, n>type materials are electron transport materials112 which can
additionallyben>doped.Smallmoleculeshavetheadvantagethatthematrixmaterialandthe
dopantcanbeco>evaporated.AgoodreviewondopingoforganicmaterialsforOLEDsand











Comparable device performances are obtained with alternative organic p>type interfacial
layerssuchassulfonatedpoly(diphenylamine)118,119,polyaniline(PANI)120,121andpolyaniline>
poly(styrenesulfonate)(PANI>PSS).122
Figure 3>13 summarizes device parameters (Jsc, Voc, FF and PCE) ofOPV devices in the
normal structure without p>type like interfacial layer and with PEDOT:PSS in different
thicknesses. All device parameters show a clear improvement when PEDOT:PSS is used.
Becauseofgoodtransparencyandconductivitythedeviceperformanceisinsensitivetothe






Figure 3>13: Jsc (filled squares), Voc (open circles), FF (filled upward triangles), and PCE (open
downward triangles) as a function of PEDOT:PSS layer thickness. Adaptedwith permission from
[123].Copyright2008Elsevier.
Thismakesthematerialevenmoresuitableastransparentelectrodematerialand,resultsin
better performance. For example, mannitol p>dopes PEDOT:PSS and improves the
conductivityandtheperformanceofOPVdevices.Anincreaseindeviceperformancefrom








Amajor disadvantage of PEDOT:PSS is its intrinsic acidity which can cause degradation
withintheOPVstack.Jongetal.studiedtheinterfaceofPEDOT:PSSandITObyRutherford











the excellent review byWalzer et al.113 which also includes the n>type doping of organic
layersbyalkalimetals.
Bathophenanthroline(BPhen)144andbathocuproine(BCP)aregoodelectrontransportlayers
and good hole blocking materials. 145,146,70,72 BCP additionally acts as an exciton blocking
layer.70,72 Approaches to n>dope organic materials make use of cationic dyes such as
Rhodamin B, Pyronin B, Acridine Orange Base and Leuko Kristall Violett147
>150. The
feasibilityofsuchmaterialshasalreadybeendemonstratedforOPVcells.151,152Thedopingof
organicmaterials bymetals, e.g the doping of  BPhen byYtterbium (Yb), is successfully
demonstratedinOPVdevices.153








Inset illustrates device structures in this study. “Undoped” data correspond to structure (a)




The modification of the work function of the electrode by dipole layers is an elegant
alternativewaytogeneratetherequiredinterfaceandtoformanOhmiccontact.Thesurface
treatment of electrode materials by dipole layers can result in a modified electrode work
function through surfacedipole formation.Figure3>15 illustrates the simplest caseof acid
and base treatment of the electrode material. The arrangement of molecules and charges
resultsinashiftoftherespectiveworkfunction.Acidictreatmentleadstoprotonationofthe
ITO surface and an interfacial dipole pointing away from the electrode is formedwith the
anions,leadingtoanincreaseoftheworkfunctionoftheelectrode.Basictreatmentformsan
interfacialdipolewhichpointstowardstheelectrodeandtheworkfunctionisreduced.Large


























between two layers by self>assembled monolayers (SAMs), i.e. active layer/interfacial






The modification of the work function of ITO by 4>chlorobenzoylchloride (CBC), 4>
chlorobenzenesulfonyl chloride (CBS) and 4>chlorophenyldichlorophosphate (CBP)
 156
as
well aswith SAMswith a terminal group of –NH2, >CH3 and >CF3




device performance. The metal/SAM/ZnO interface is modified with lauric acid,
mercaptoundecanoicacidandperfluorotetradecanoicacid.158Similarly,theinterfacebetween
TiOx and P3HT:PCBM is modified with lauric acid, benzoic acid, terthiophene an C60
substitutedbenzoicacid.159
Yipet.almodifiedtheinterfaceZnO/metalelectrodebyaseriesofparasubstitutedbenzoic
acid (BA>X) SAMs with negative (–OCH3, –CH3, –H) and positive (–SH, –CF3, –CN)
dipoles.Thegas>phasedipolemoment(D)ofBA>Xis–OCH3(>3.9D)<–CH3(>2.9D)<–H(>


























SAMs with a positive dipole moment increase the barrier height between ZnO and Al
resultinginadecreaseindeviceperformance.SAMswithanegativedipoleshowapositive
effecttothedeviceperformanceandthePCEincreasesfrom3.16%for>/ZnO/Alto4.21%
for >/ZnO/BA>OCH3/Al.Thedeviceperformance correlateswith the strengthof the dipole
and the one with the highest dipole have the best performance. The authors present

















the structure tris(8>hydroxyquinoline)aluminium (Alq3)/LiF/Al. It is suggested that the
decomposition ofLiF leads to chemical doping ofAlq3byLi




thanLi andpromises ahigher lifetime.168Similar results are reported fordopingofBPhen
andBCP169,170.

Cs2CO3 is an example of a solutiondeposited salt.Thework functionof ITOcoatedwith
differentsaltsisdepictedinFigure3>17anddecreasesfromITOtoITO/CS2CO3.VocandJsc
increaseswith the reductionof thework functionof thecathode.Voc andJsc increase from
0.2Vto0.56VandJscfrom7.01mA/cm²to9.7mA/cm²whenapplyingaCs2CO3layeron





















Insummary the functionof interfacial layers inorganicsolarcells isdiscussedandawide
range of materials applied for OPV are reviewed. It is distinguished between metallic,
organic, inorganic, semiconducting, n>type and p>type interfacial layers and the most
prominentonesarereviewed.ForthedevelopmentoffutureOPVstructureswithincreased
PCEandlifetime,therightchoiceofinterfacematerialsisoffundamentalinterestwhichwill
be discussed in the next chapters.Many groups demonstrated that improved interfaces are
essentialforoptimizedPCE.Anexcellentinterfacematerialisnotonlycharacterizedbythe
resulting enhanced PCE of the device, but also by the degradation of the interfacial layer
itself and the degradation in combination with the other materials of the OPV cell. The
optimizationofboth,PCEandlifetime,willfurtherimprovethepotentialandattractiveness










In this chapter the need of high shunt resistances for organic solar cells is experimentally
studiedanddesignrulesforOPVcellsandmodulesforbothindoorandoutdoorapplications
are presented. Since the light intensities and thus the resulting current densities aremuch
lower for indoor compared to outdoor applications, different design rules can be derived.
Further, the impact of the shunt resistance to module shading scenarios and design





Figure 4>1 presents varying OPV cells with a wide range of shunt resistances which are
processedandmeasuredwhilethiswork.












































The serial interconnection of single solar cells tomodules is an elegant and advantageous
methodtoachievethedesirablesupplyofvoltagewhichisneededforacertainapplication.
Despite theobviouspositiveeffectof cell interconnection in serieson thevoltageof large
area solar modules, it is well known that serial interconnected inorganic modules are
sensitive to specific failuremechanismswhich otherwise do not arise in single solar cells.
The most important one is the so called “shading” failure. 173,174 Shading occurs when
individualcellsof themoduleorevenonlyapartofacell inamoduleunderoperation is
shaded.Insuchacase,theshadedcellshavetotransportthecurrentofthemoduleinreverse
bias,andtheexcessphotovoltaicpowerproducedbythenon>shadedpartofthemodulecan
become dissipated across the “dark” cell. The formation of hot spots in inorganic PV
moduleshasbeenknownsinceearlyspaceapplications.175Hotspotsaredefinedaslocalised
regions in a PV module where the operating temperature exceeds the temperature of the
surroundingarea.Generallyspeaking,thissituationoccurswhenthecellunderinvestigation
generateslesscurrentthantherestofcellswhichareconnectedinseries.Inmanycasesthis

















this damage, international standards require that modules must be subjected to hot>spot
endurance tests before their qualification.176
>179 Although numerous publications exist
reporting the shading effects of inorganic cells, this has never been addressed for OPV
technology.Typicalmodulesinvestigatedinthisthesisconsistof10singlecellsconnectedin
serieswithamodulevoltageof10timesVoc.Ashadedcellwithinamoduleactsasloadand
is driven by the rest of the cells. As such, the maximal voltage that can drop across the
shadedcellistheoneprovidedbythenon>shadedcells,i.e.9timesVocorapproximately5V
for thesystemunder investigation.Theshuntresistanceor leakagecurrentof theOPVcell
thendeterminesthevoltagethathastobeappliedontheshadedcelltotransportthecurrent
density provided by the non>shaded cells. The dissipated power within a shaded cell is












observed.Thedark shunt resistanceof thecelldecreases from8000Lcm² to220Lcm²by
reverse bias degradation. The dark leakage current at >1V increases from 170IA/cm² to
7.3mA/cm². This strong decrease in the shunt resistance and increase in leakage current
resultsinasignificantlossinFFandevenVocisaffected.LossesinFFandVoccanbeclearly

























































































Thesemeasurements clearly identify local areaswith higher heat dissipationunder reverse
biasvoltage, i.e.hotspots,even foranondegradedcell.The investigatedcellexhibitshot
spotson the edge aswell aswithin the active areaof thedevice. (Figure4>3 (a))Reverse
biasingofacellsignificantlyincreasestheamountofhotspotswhicharevisiblebythehigh
sensitivityoftheDLITmeasurementsetup.Inaddition,theamplitudesignaloftheexisting





it canbe concluded that reversebiasingdoes induce increased local shunting (lower shunt
resistance).
Thepresentedresultsshowanincreaseintheleakagecurrentandintheamountofhotspots
with time of degradation. The dissipated power in the dark under reverse bias voltage
correlateswith the current and as suchwith the leakage current of the cell. Therefore the
increaseintheamountandstrengthofhotspotscorrelateswiththeincreasedleakagecurrent
underreversebiasdegradation.Theseresultssuggestthatdeviceswithnooronlyweakhot
spots suffer from less degradation under reverse bias since the initial power dissipation
withinthedeviceislittle.
To correlate the leakage current with reverse bias degradation several cells are degraded
underareversebiasof>5Vfor5h.AnOPVcellwithahighshuntresistanceorlittleleakage
currentdissipateslesspowerunderreversebiasvoltage.Figure4>4comparesthereversebias
degradation behavior of various cells with different magnitudes of leakage current, but
otherwiseidentical.Beforedegradation,thecellsareseparatedintotwoclasses–onewitha








hand,cellswitha low leakagecurrentdensity (<100A/cm2 at >1V)haveamuchhigher



























































Figure4>4:Thedegradationat >5Vfor5h independenceof the leakagecurrent iscompared.The
OPVcells are divided into 2 groups, onewith a low leakage current (<100A/cm2 at >1V, black
color)andonewithahigh leakagecurrent (>100A/cm2at >1Volt, redcolor).Theupperplot (a)
represents the leakagecurrent at >1Vbeforeandafter reversebiasing for5hours at >5V.Plot (b)
shows the power conversion efficiency before and after degradation for the high and low leakage
currentcells.Dataarepresentedinboxplots.180
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In summary a dominant contribution of local “low shunt resistance” areas, so called hot




















although the requirements for indoor and outdoor applications are different. Since OPV
enters themarket for indoor and outdoor applicationsOPV cells have to be optimized for
indoorapplicationsaswell.
Thefundamentaldifferencebetweenindoorandoutdoorapplicationsisthespectrumofthe
light source and the light intensity. For outdoor applications the reference spectrum is the
AM1.5 spectrum of the sun, for indoor applications a reference light source is missing.
Artificial light sources, e.g. fluorescent lamps,LEDs and incandescent lamps, areused for
indoor applications. Fluorescent lamps arewidely used for offices and are investigated in
detail as artificial light sources in this work. The phosphor layer of the fluorescent lamp
converts UV radiation into visible radiation. The spectrums of different fluorescent lamps
varydependingonthefluorescentmaterialsusedandarecompletelydifferenttotheAM1.5
spectrumof the sun.Figure 4>5 shows the spectrumof a fluorescent lampand theAM1.5
spectrumofthesunincomparisontotheabsorptionofP3HT.
Theilluminanceofafluorescentlampismeasuredinlxandisweightedbythesensitivityof
the human eye. Typical values of the illuminance requirements for offices range between




































































































usingafluorescentbulbwith the lightcolour830.Thespectrumofafluorescent lampand
theAM1.5spectrumofthesunincomparisontotheabsorptionofP3HTareshowninFigure
4>5.OPVcellsarecharacterizedwith these light sources in this sub>chapter. Jsc is reduced
from 8mA/cm² for illumination at 1 sun to 70IA/cm² for illumination at 1000lx. The
measuredJscat1000lx isapproximately0.875%of theoneunder1sun. Itmustbenoted
thatthisvaluestronglydependsontheusedlightsourceaswillbediscussedlaterinthetext.
ToillustratetheimpactofRsandRpforindoorandoutdoorapplicationsthesamevalueof
shunt and serial resistances is numerically calculated to the J>V characteristics of the
measured reference OPV cell at 1sun and 1000lx. The impact of the serial resistance is
investigatedbynumericallyaddingaseriesresistanceRsof10Lcm²,25Lcm²and50Lcm²
to themeasuredJ>Vcharacteristics.Figure4>6(a)and(b)presents resultsunder1sun, (c)
and(d)forlowlightat1000lx.For1sunillumination,theperformanceoftheOPVcellis












































































































































same serial resistances have no impact on the J>V characteristics in the 4
th
 quadrant. The
impact of Rp is investigated by the addition of a resistance of 20kLcm², 10kLcm² and
5kLcm² to the measured J>V characteristics for indoor and outdoor applications. These
values ofRp do not limit the performance of theOPVcell in the 4
th
 quadrant for outdoor
applications. However, indoor illumination shows a significant limitation in FF with





that low lightapplications requirehighshunt resistances toguaranteehighefficiencyOPV
cells. For outdoor applications a lower shunt resistance is required. These results are
explainedbythereducedJscforlowlightapplicationsandwillbestudiedinmoredetail.
























































































Figure4>7: ImpactofRp to the (a)poweroutput, (b)Voc and (c)FFofOPVcells.OPVcellswith
varyingRparemeasuredatlightintensitiesof100,000lx,5,000lx,1,000lxand500lx.
The investigatedOPVcells have shunt resistances of 85kLcm², 40kLcm², 20kLcm² and
800Lcm².Rp is calculated from the slopeof the illuminated J>Vcurve at 0Vbetween the















impact ofRs and reaches amaximum.TheFF of theOPV cellwith a shunt resistance of
40kLcm²increasesfrom60%at100,000lxto70%at5000lx.Theorganicsolarcellwith
the highest shunt resistance of 80kLcm² shows an improvement of the FF from 64%
measured at 100,000lx to 74% measured at 1000lx. A further reduction of the light
intensitybelow1000lxagain leads toadrop inFF.With increasingshunt resistances, this
maximum shifts to lower light intensities. All cells in common is a decrease of Voc with
decreasing light intensity. OPV cells with lower Rp show a larger drop in Voc. The
proportionalityofVocwiththelogarithmicofthelightintensityforasufficientlyhighRpis
explainedinchapter2.2.1.TheadditionaldependenceofVocwithRpisillustratedinFigure
4>6.Under low light conditions the impact of Rp to the cell performance increaseswhich
resultsinlossesinFFandVoc.
Figure 4>6 shows that high shunt resistances are essential for indoor, i.e. low light,
applications whereas Rs is less critical. The situation is exactly opposite for outdoor
applicationswherehighlightintensitiesdominate.TheincreaseinFFwithdecreasinglight
intensityforanOPVcellwithhighshuntresistancecanbeexplainedbythereducedimpact
of the serial resistance to the cell performance. As discussed above, for reduced light









musthavea shunt resistancehigher then85kLcm²anda serial resistancebelow50Lcm².
TherelativelypoorrequirementswithrespecttoRsopenupthepossibilitytousetransparent
electrodematerialswhichhavealowerconductivityandarecheaperthanITO.PEDOT:PSS




good, i.e. homogeneous and freeofpinholes.Moreover, excellent interfacematerials are a
must to provide the selectivity which is required for a high shunt resistance. For outdoor
application a highRp is less important then for indoor applications, but highly conductive
electrodematerialareessential.
ThestandardizationofthePCEofOPVdevicesunderlowlightismissingsincethereisno
standardized light source. A typical fluorescent lamp has a completely different spectrum
comparedtothespectrumofthesun.ThespectrumofthefluorescentlamporLEDdepends
on the type of the lamp and the provider. To determine the low light efficiency of the
investigatedcells,theenergyofthefluorescentlamp(PhilipsF32T8/TL830)isdeterminedto
0.27mW/cm² at 1000lxwith apyranometer (EppleymodelPSP).Thus thebestpresented




and design rules for both indoor and outdoor applications are proposed. For indoor










reference structure ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag have a shunt resistance in the
range of 10kLcm² which is sufficient for outdoor applications but not for low light
application. Therefore the shunt resistance ofOPV cells has to be improved tomatch the
requirements for low light applications. To this end, highly selective, pinhole free layers
whichhavetobe improvedfurtherareamust toguaranteehighlyefficientOPVcellswith
highFFforindoorapplications.Thispartofthiswork.Theimpactoftheserialresistanceis
not that dramatic, therefore novel transparent electrode materials become feasible. This
allows replacing the expensive ITO by inexpensive materials, such as PEDOT:PSS. For
outdoor applications highly conductive electrode materials are a must, but less optimized
interfacematerialsarefeasible,whichmayreducecostsforthiskindofapplication.
Another outcome of this study is that the impact of the shunt resistance is less severe for
outdoorapplicationsthanforindoorapplications.IndependenceoftheshuntresistanceOPV
cellscanbeefficientforoutdoorapplicationsbutnotforindoorapplications.Thishastobe
taken into account when evaluating OPV cells for indoor and outdoor applications. In







the whole module. From these results design rules for OPVmodules and organic bypass
diodes are derived to eliminate the adverse shading effects. The use of flexible organic
bypassdiodesispresented.
AccordingtoresultsfrominorganicPVtechnologies,failurefromshadinghasbeendivided





















modulecandeliver thephotovoltaicpowerof theshadedmodulediminishedby the
powerwhichisrequiredtodrivetheshadedcellintoreversebias.






The impactofa fullyshadedorganicsolarcell to theJ>Vcharacteristic isdescribed in the




isdeterminedbythe leakagecurrentof theshadedcellat thevoltageprovidedby thenon>




designs182 can reduce thepossibilityofa fully shadedsinglecellwithinamoduleand thus
reducethelossesinthepoweroutputundershading.
ThestandardmethodtohandleshadingfailureinPVtechnologiesistoincorporatesocalled





for themodule’s photocurrent. The voltage drop on the shaded cell is then limited to the
voltagewhichisrequiredforopeningupthebypassdiode.183,184
Theprocessingofmonolithically interconnectedOPVmodules isquitedifferent to theone
for inorganic PV modules. OPV modules are manufactured by roll to roll printing
processes185




roll to roll printing is anything else than desirable and would eliminate some of the







In the following, design requirements for organic bypass diodes are discussed which are
essentialtoaddressmoduleshadingissuesforOPVmodules.First,thebypassdiodeshaveto
be integrated in the flexibleOPVmoduleswithoutorwithonly littleadditionalprocessing





for thebypassdiodeswhich isalsoused for theactive layerof the solarcellsallows fora
“onecolour”printingprocess.Naturally,theuseofinverseinterconnectedorganicsolarcells




here which can be extended to more cells analogical. The difference to modules with a
varyingnumberofcellsisthereversevoltageappliedontheshadedcell.Thisreversevoltage





The properties of an organic solar cell operated as bypass diode are discussed in detail.






appliedasbypassdiodes.TheGediodehas the lowest injectioncurrent,while theorganic
diodeshowsthehighestleakagecurrent.Notethatthisisanatypicallylargeleakagecurrent
fororganicsolarcellsanddiodes.OPVcellswithexcellentleakagecurrentsintheA/cm2
regime from >1V till >5V are investigated and processed in this work. Too high leakage
currents of the bypass diode induce power losseswhen themodule is operated in normal
conditions. The magnitude of the power loss in normal operation is the diode’s leakage





Figure 4>8 (b) shows the current>voltage characteristics of a flexible 9 stripeOPVmodule
withandwithoutshading.Forreference,themodulecharacteristicsarecomparedtothesame























































































































9stripe flexibleOPVmodulewithandwithoutshading.For reference, themodulecharacteristic is
compared to the same module when only 8 cells are contributing. The last cell of the module is
externally shunted. (c) Light J>V>curves and (d) power output>voltage plot of a shaded 9 stripe
modulewhentheshadedcellisbypassedbyanorganic,GeandSidiode.Asreferencethenon>shaded
9stripemoduleisdepicted.




of the shaded flexibleOPVmodule canbe reduced significantlywith abypassdiode.The






diodes asbypassdiodes.The theoreticalminimumpower lossdue to shading ina9 stripe




















summarized inFigure 4>9.Another important parameter to determine the optimumbypass
diodeistheleakagecurrent.Undernormal,non>shadedoperation,theleakagecurrentofthe
bypass diode is a loss for the photocurrent. Typical leakage currents of optimized and
investigatedorganicsolarcellstructuresare~50IA/cm²at>0.5V.Forasolarcelloperated
atitsMPPat450mV,suchabypassdioderesultsinapermanentohmiclossof25IW/cm²
or less. Compared to the AM 1.5 power output of a P3HT/PCBM solar cell with ~ 2–
4mW/cm²,thisisalosssmallerthan1%whentheactiveareaofthebypassdiodeandthe
















































Note that good organic diodes have leakage currents in the very low IA/cm² regime, in
which case the organic bypass diode losses for a solar cell will be negligibly small.
Geometricalfillfactorlossesbythesizeofthebypassdiodeareneglectedinthiscalculation.
Inthischapteritispresentedthatorganicsolarcellsinreversepolarityareexcellentbypass









power loss). It is furtherdemonstrated thatorganicbypassdiodesare themostelegantand
practical technology to reduce the shading losses to ~30%. No substantial advantage is










In this sub>chapter the origin of the shunt (area of low shunt resistance) in OPV cells is
discussed and amethod developed to identify the defective layers responsible for the hot
spots. Informationabout theoriginof theshunt isnecessary to further improveOPVcells,
decreaseandguaranteelowleakagecurrentcellswhichimportanceisdiscussedinchapter4.
In chapter 4.1 the dark lock>in thermography (DLIT) amplitude image of OPV cells is
discussedandaninvestigationinhotspotsispresented.Thecauseoftheshuntscaneitherbe
defects in the photo>active layer (bulk shunt), or in one or both the interfacial layers
(interfaceshunt).Fordefinitionofthesetwotypesofshuntstheactiveareaofthesolarcellis
virtuallydivided in littlepixels.Apixelconsistsof thesemiconductor layer, the interfacial
layers and the electrode materials. Each pixel (“each single solar cell”) is assigned to an
equivalent circuit,with all the pixels connected in parallel. The schematic is illustrated in
Figure 4>10, whereas the pixels show a resistance for each layer. The power dissipation
within a pixel is proportional to the square of the voltage divided by the resistance of the
pixel.Thevoltageappliedoneachpixel issame.Therefore, thelowertheresistanceof the
pixelthehighertheheatdissipationwithinapixelcomparedtotheothers.Theresistanceofa
pixelisthesumoftheresistancesoftheinterfaciallayersandthephoto>activelayer.Foran






















divided in little pixels with all the pixels connected in parallel by the electrode materials. The
resistanceofeach layerwithinonepixel is illustratedbyawhitesquare.Thewholeresistanceofa
pixelformstheresistanceoftheinterfaciallayers(PEDOT:PSS,TiOx)andtheoneofthephoto>active

















are created within the shunt under illumination. The photo>generated carriers are
(partly)extracted to theelectrodematerialscontributing toaphotocurrent.Thus the
shuntisnotclearlyvisibleintheLBICmapaslongasRpofthephoto>activelayeris
largecompared toRs of theelectrodematerials.ForRp in the rangeofRsor lower
many photo>generated charge carriers recombine over Rp. Therefore, the external
photocurrentwhichisvisibleintheLBICsignalisreducedbytheamountofcharge
carriersrecombiningoverRp.Inthecaseofaninterfaceshuntthecurrentthroughthe
shunt has to be transported through the photo>active layer of the size of the shunt,
neglecting recombination. Therefore a minimal shunt size can be estimated by the
conductivityofthephoto>activelayer.Providedthattheshuntsizeissmallerthanthe
minimalneededsizetotransportthecurrentaninterfaceshuntcanbeexcluded.
(b)For a bulk shunt the photo>active layer material is missing or has defects.
Thereforenophotocurrentisgeneratedwithintheshunt.TheLBICmapshowsaspot
inthesizeoftheshuntwithaphotocurrentofzero.





theuseofmagnificationopticscombinedwithhigh lock>in frequencies.Forhigher lock>in









11Imx11Im. Figure 4>12 shows the amplitude signal of the single hot spot visible in
Figure4>11.TheDLITamplitudeimageofthehotspotismeasuredatlock>infrequenciesof
10Hz and44.56Hz.For both lock>in frequencies a plateau in the amplitude signalwith a
diameter of approximately80Im is observeddespite different heat diffusion lengths.This
value is takenas theestimateddiameterof theshunt.Theestimationof theshuntdiameter
mightcontainacertainerror.Ahighershuntdiameterof4>6pixelsispossiblewhichwould
result in a shuntdiameterofup to140Im.A lower shunt size than80Imalsocannotbe
fullyexcluded.
The leakage current is 110IA at >0.4V for the discussed cell. From theDLIT amplitude
imageinFigure4>11theheatisdissipatedwithinonehotspot.Othercurrentpathsbesidethe
shunt are estimated in the following: Several cells are monolithically integrated on a





measured in ambient air based on an interdigitated contact structure presented in chapter
2.5.2. The conductivity is determined to 10
>4











































is necessary to transport the leakage current through the photo>active layer according
equation 2.3.3. This shunt size varies depending on the measured conductivity of
P3HT:PCBM.




thephotocurrentover thewholedevice.Theareawhere thehot spot is identifiedbyDLIT
measurementsshowsaphotocurrentintheLBICmap.Thevalueofthephotocurrentiswell
























LBICmapwith a resolutionof10Imx10Im the shunt is assigned to an interface shunt.






thecaseofan interfaceshunt, i.e.when thephoto>active layer is intact,chargecarriersare
generated within the shunt and extracted (partly) to the electrodes. Knowledge about the
exactshuntsizeiscrucialtodistinguishbetweeninterfaceandbulkshuntbuttheestimation
oftheshuntsizecanhavealargeerrorwhichmakesitdifficult.Fortheexemplarilyshown















A high shunt resistance is found to be essential for OPV including outdoor and indoor
applications, reversebias stability andorganicbypassdiodes.The first part of this chapter
presents that stacking of organic and inorganic interfacial layers leads to improved shunt
resistance and device performance. The origin of this improvement is discussed. In the
secondpartofthischapteritisdemonstratedthatunadjustedinterfacematerialsleadtolosses










bypass diodes is the shunt resistance.Amajor contribution here comes from the interface
materials,whichprovidethehighselectivityofthecontactsandincreasetheshuntresistance






a promising material as electron selective and conducting material. For the reference
structure glass/ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag efficiencies as high as 3.1% have
beenreachedinthiswork.Glassisusedasthesubstratefortheevaluationofnewinterface















The combination of a well performing reference device structure with an additional
interfacial layer is investigated. Polyoxyethylene tridecyl ether (PTE) is investigated as
additional interfacial layer at the cathode.The aim in stackingof solutionprocessedmetal


























layer tomodify the interface ITO/TiOx (seeFigure 5>1).The organic interfacial layer (0.1
wt%inwater)isdoctorbladedontotheglass/ITOsubstrateandresultsinanultrathinlayer






Devices with PTE as interfacial layer between ITO and TiOx
(Glass/ITO/PTE/TiOx/P3HT:PCBM/PEDOT:PSS/Ag)arecomparedtodeviceswithoutPTE
(Glass/ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag) and to devices without any electron













































































contact for the extraction of electrons and blocking of holes. Recombination of charge
carriersattheinterfaceITO/P3HT:PCBMisalsopossible.Byusinglowtemperaturesolution
processed TiOx (Glass/ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag) as interfacial layer, the
electron selectivity of the bottom contact improves significantly. A high current in the
forward direction as well as low leakage currents are achieved. The improved carrier
selectivityisalsoreflectedintheFFofthecorrespondingcells.Thebestselectivity(highest
injection current and lowest leakage current) is achieved for solar cells employing a
combination of PTE and TiOx (Glass/ITO/PTE/TiOx/P3HT:PCBM/PEDOT:PSS/Ag). This




combination of reduced serial resistance and increased shunt resistance is reflected in the
higherFFofthosediodeswithPTE.
Figure5>3summarizestheperformanceparametersofthesolarcells.Dataarepresentedin
box plots (see Figure 5>3). Each variation, i.e. no electron selective contact, TiOx and




























































































In this chapter the origin of the improvement of devices structure
Glass/ITO/PTE/TiOx/P3HT:PCBM/PEDOT:PSS/Ag compared to devices without the
organic interfacial layer (Glass/ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag) is discussed. 3
differentpossiblereasonsareconsideredandinvestigated:







(c)Change in themorphologyofTiOx causedby a different coating surface.AFM
images of the TiOx surface in different configurations are measured to identify
whetherthesurfacemorphologychanges.
SeveralmeasurementstoclarifytheoriginoftheimprovementbytheincorporationofPTE
between ITO and TiOx are performed. XPS measurements provide information on the
chemicalinteractionbetweenthePTEandTiOx.Theinvestigatedstructuresareprocessedin
ambient atmosphere and then transferred into a vacuum chamber for XPSmeasurements.
Thus the surfaces of the investigated samples are covered by a ubiquitous surface
contaminationlayerwhichtypicallyconsistsofhydrocarbonsandtoalessextentofspecies
containing oxygen and other trace elements. Figure 5>4 presents the XPS spectrum for a
bindingenergyfrom454to468eVfortheinvestigatedinterfaciallayersITO/PTE/TiOxand
ITO/TiOx.






































by thehydrolysisreaction in theemployed low>temperatureprocess.ThepatternofPTEis
notvisiblewhenTiOxiscoatedontopwhichisindicativeofauniformcoverageoftheoxide.
Figure 5>5 presents the XPS spectra for a binding energy from 454 to 468eV for the
investigatedinterfaciallayersITO/PTE/TiOxandITO/TiOx.





















Because the energetic position of theXPS signal of TiOx in the spectra of ITO/TiOx and
ITO/PTE/TiOx are very similar in this regime there is no evidence for an influence of a




To further investigate the effect of the PTE interfacial layer on ITO/PTE/TiOx interface


























is 4.1eV in the dark. The results suggest that the underlyingmechanism of the improved
electron selectivity by incorporation of PTE between ITO and TiOx interface
(ITO/PTE/TiOx/P3HT:PCBM/PEDOT:PSS/Ag) can be related to an improvement of the
overall surface quality (roughness and/or surface energy) of the ITO/PTE/TiOx bottom
electrodesincenochemicalinteractionorchangeintheworkfunctionbetweenthePTEand












rms value of 2.2nm, the distance between the peaks and valleys is different. The
improvementintheelectronselectivityoftheITO/PTE/TiOxbottomelectrodeisattributedto
the PTE coating step, allowing for a better wetting of the TiOx precursor solution and
thereforeamore intimate interfacewith thephotoactive layer.Thismore intimate interface
and homogeneous interfacial layer results in the reported improvement in the power
conversionefficiency,theincreasedshuntresistanceanddecreasedserialresistance.
3$$- %4
In summary, a PTE interface modification is beneficial for the electron selective bottom
contact layerTiOx.The improvedelectronselectivitywith the incorporatedPTEinterfacial
layerbetweenITOandTiOxisreflectedinhigherFF,higherRpandreducedRsoftheOPV














UV irradiation devices show an S>shape J>V characteristic, i.e. the current density for
voltages around Voc is limited when compared to devices with UV>VIS irradiation. The
dynamics of the cell parameters with and without UV irradiation is discussed and these
results are correlatedwith the change in the properties of the TiOx layer. Based on these
findingsamodelispresentedwhichallowssimulatinganddescribingtheJ>Vcharacteristic
withandwithoutanS>shape.Experimentalresultsarepresentedinwhichtheinterfacesare





All J>V characteristics presented in the previous chapters have been taken after 20min of
UV>VISirradiation.InthischaptertheJ>VcharacteristicsofOPVcellswithandwithoutUV
irradiation are discussed and analyzed. Figure 5>8 presents the J>V characteristics ofOPV
cellswithandwithoutUVirradiation,i.e.withandwithoutS>shapeJ>Vcharacteristics.The
presented J>V>curves discussed in chapter 5.1 are recorded after 20min of UV>VIS
irradiation. The illumination of these solar cells with 20min of UV>VIS radiation is
necessary to reach the reported efficiencyofup to3.1%andaFFof55% for thedevice
structureGlass/ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag.Withtheimproveddevicestructure
Glass/ITO/PTE/TiOx/P3HT:PCBM/PEDOT:PSS/Ag efficiencies of up to 3.6% and FF of
64%arereached.WithoutUV>VISirradiation theperformanceof theOPVcells isclearly








Figure 5>8: J>V characteristics of OPV cells with the device structures
ITO/PTE/TiOx/P3HT:PCBM/Pedot/Ag (black squares) and ITO/TiOx/P3HT:PCBM/Pedot/Ag (red
circles)with(solidsymbols)andwithout(opensymbols)20minUV>VISirradiation.
Thesignificantlylowercurrentofthenon>UVirradiatedsamplesisaresultoftheUVfilter
foil which is laminated on a PET carrier film which has a poor transmission in the VIS
spectrum.
Without UV>VIS irradiation the devices show a clear S>shape J>V characteristic. Charge




In analogy to diodes the definition for the threshold voltage for extraction Vth_e and the





marked in Figure 5>8. For the S>shape J>V characteristics 3 regions can be distinguished,
dependingonthesizeoftheexternallyappliedvoltage:



































Vth_e=Vth_i=Voc. It must be noted that the slope in region (1) and (3) can vary
dependingiftheOPVcellisilluminatedbyUV>VISradiationornot.
The extent of S>shape formation is defined as the difference between Vth_e and Vth_i. It
stronglydependsontheprocessingandthekindofTiOxwhichisformedduringprocessing.
Especially in a sol>gel process the hydrolysis of TiOx is difficult to control and strongly


















over another 30min time of VIS illumination only. Figure 5>10 illustrates the OPV cell





UV>VIS irradiation the injection current at +1V increases immediately and saturates after
10minatavalueof80mA/cm²concomitantwithanincreaseinFFto56%.Theincreasein
currentdensity from6.2mA/cm² to8.4mA/cm² isexplainedby theabsorptionof theused
UV>filterintheVISspectrum.UponreinsertingtheUV>filterintothelightpath,theinjection
currentat+1Vdecreaseslowlyovertime.TheFFdecreaseswithadelayofseveralminutes.
Thesuddendecrease inJsc isdue to thereducedlight intensityreachingthedevice,mainly
duetosignificantabsorptionofVISlightbytheUV>filterfoil.TheslowdecreaseinJscover
time is related to a slight degradationwhich is typically observedwhenmeasurements are
performed in air. Voc is slightly affected over the entire experiment. For the S>shape J>V
characteristics,alowshuntresistancecanresultinreducedVocsincethecurrentdensityclose
toVoc issmallcompared to thecurrentdensity through theshunt.Theobservationscanbe
summarizedasfollows:





(b)UV>VIS irradiation improves device performance and the S>shape J>V
characteristicvanishes.BothinjectioncurrentandFFrisepromptlyandsaturateafter
afewminutes.
(c)VIS illumination of a device without S>shape causes a slow reduction of the














































































































device configuration. TiOx has a bandgap of 3.1eV
46 and thus absorbs lightwith energies








on conductivity measurements under different investigated conditions namely UV>VIS
irradiation,VISirradiationandnoirradiation(dark).Measurementpointsarerecordedevery
22s by applying a voltage of 10V andmeasuring the current transported by theTiOx. In
order to eliminate the impact of heat under different illumination conditions the sample is
placedonahotplateat100°C.Inafirststep, theTiOxcoatedsubstrate isplacedunder the
solarsimulatorandilluminatedwithUV>VISirradiation.Inasecondstep,aUV>filterfoilis
placedoverthesampletoeliminatetheUVpartofthespectrumofthesolarsimulator.This
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98 
The conductivity of TiOx measured in the dark is 2 IS/cm. This value is the lowest value 
measurable with the measurement setup. Upon UV>VIS irradiation the conductivity of TiOx 
rises immediately by more than 2 orders of magnitude compared to the conductivity without 
UV>VIS irradiation and saturates within minutes. When covering the TiOx by a UV filter foil, 
the conductivity decreases immediately and levels out at approximately one order of 
magnitude lower values. This behaviour is reproducible. Without illumination the 
conductivity of TiOx drops from the conductivity reached by UV>VIS irradiation to values 
below VIS irradiation, approaching starting values of 2 IS/cm. 
In summary it is found that the conductivity of the investigated TiOx layer increases up to 2 
orders of magnitude with UV>VIS irradiation. Covering the TiOx with a UV filter foil, the 
conductivity reached by UV>VIS irradiation decreases, but does not reach the initial value in 
the dark. After extended storage in the dark, the conductivity reaches the initial value. The 
increase in conductivity with time under UV>VIS irradiation from the initial value in the dark 
is faster than the decrease of the conductivity in the dark to its initial values. These findings 
are in agreement with several other studies dealing with the properties of TiO2.
194 
The changes of conductivity of TiOx under irradiation with UV light correlate very well with 
the changes in device performance under the same conditions. A fast increase in device 
performance correlates with a fast increase in the conductivity of the TiOx. Once the sample 
has reached high conductivity, the device performance is stable for some minutes under VIS 
illumination. The loss in conductivity and device performance is slower than the fast initial 
increase in conductivity. A loss in conductivity of TiOx has been indentified as a reason 




In this section experimental results are combined with simulations to get a deeper 
understanding of the S>shape J>V characteristic. The J>V characteristic is simulated with 
PC1D24, a 1 dimensional simulation program developed for inorganic semiconductor physics. 
A model structure is applied which allows the simulation of experimental J>V characteristics 
and discussion of the origin of the S>shape J>V characteristic on a device level.  
The donor:acceptor bulk>heterojunction of the OPV cell is simulated by 1 semiconducting 









received one. In chapter 5.2.2 it is discussed that the S>shape J>V characteristic can be
eliminatedthroughincreasingtheconductivityofTiOx.ForsimulationsofOPVdeviceswith
and without S>shape a two semiconductor layer model is applied. This two layer
semiconductor model consists of the polymer blend P3HT:PCBM and the wide band gap




























blend P3HT:PCBM and the wide band gap semiconductor TiOx. The band structure with the





The contact of the polymer blend and the TiOx semiconductors is defined by the electron
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the simulation is unstable and does not converge for a band gap greater than 1.3eV. The
widebandgapsemiconductorstillactsaselectrontransportlayersincethebandgapofthe
polymerblendandTiOxshowadifferenceof0.45eVwhichisassumedtobesufficientfor
studying the S>shape J>V effect. The values for the electron and hole mobilities of the
polymerblendaredeterminedbyfittingthemeasuredJ>Vcharacteristicswiththesimulated
ones.Theelectronandholemobilitiesarekeptconstantoverthesemiconductorlayerfor1
sun illumination. It has been presented above that TiOx changes its conductivity, i.e. the




curves with and without S>shape characteristics is thus performed by varying either the
chargecarriermobilityorthedopingleveloftheTiOxlayer.
Figure 5>13 presents the measured J>V>curves with and without UV irradiation. The first
measurementwithoutUV radiation is performedwith aUV>filter foil. The sample is then




































the device structure ITO/TiOx/P3HT:PCBM/PEDOT:PSS/Ag. The impact of UV irradiation is
simulatedbythechangeinthedopingoftheTiOxlayerfrom5x10
14cm>3to5x1017cm>3.





























with an UV>filter foil. Due to the optical absorption of the UV>filter foil Jsc is different.
ResultsarepresentedinFigure5>14.



































the TiOx layer compared to the presented J>V characteristics in Figure 5>13. The impact of UV
irradiationissimulatedbythechangeinthedopingoftheTiOxlayerby6ordersofmagnitude.
Theparametersofthepolymerblendareslightlymodifiedcomparedtothelesspronounced
S>shapebut are set to constantvalues for the simulationof the J>Vcharacteristicwithand





thatamorepronouncedS>shapeJ>Vcharacteristic is related toa lowerconductivityof the
TiOxlayer.Theconductivityofsol>gelprocessedTiOxisreportedtobesensitivetoe.g.the
doping, the atmosphere and the adsorbed water on the TiOx layer.
194 The S>shape J>V
characteristicisalsosuggestedtodependonwhetheramorphousoranataseTiOxisformed.
101



















































>()* No charge is extracted or injected to or from the outer circuit. The current
densitiesfortheJ>VcurveswithandwithoutS>shapeareequal.
>+,)* All photo>generated carriers are extracted to the outer>circuit. The current
densitiesfortheJ>VcurveswithandwithoutS>shapeareequal.





is clearly limited to 0.6mA/cm²while theOPV cellwithout S>shape has a current
densityof13.2mA/cm².
IthasbeenshownabovethattheS>shapeJ>Vcharacteristicvanisheswhentheconductivity
of the TiOx layer is increased by 3 orders of magnitude, i.e. either by an increase of the













cm²/Vs. To understand this behaviour the band structure and
electric field distribution for the points Voc, 0.75V, 0.45V and Jsc are shown with and
withoutS>shapeJ>Vcharacteristics(increaseddopingormobilitycase).
Thesimulatedgraphof thebandstructure includes theconductionband, thevalenceband,
electronandholequasiFermilevels.Thecontactofthetwosemiconductorsisdeterminedby
their common electron affinity. Thus, the band structure at the interface is determined in
dependenceof thedoping levelbecause theFermi levelshave tobe identical for theTiOx
layer and the polymer blend.With increasing doping concentration, the energy difference














































































































































































































>637)(/ .8-!"5123"4	#*For theS>shape J>Vcharacteristics less current is
extractedtotheoutercircuitcomparingthecurrentdensitywithandwithoutS>shape.Forthe

































































































/9)(/ .8-"5 123 "4	'* At 0.75V the device operates in injection mode
whereelectronsareinjectedfromtheelectrodeovertheTiOxlayer.ForthetheS>shapecase
theconductionbandandthequasiFermilevelforelectronsdropsolelyovertheTiOxandat




































































































for the conduction andvalence bandswithin the polymer blend.The band structure is flat
withinthepolymerblendforthisvoltagerange.Thebandstructureshowsmainlyagradient
over theTiOx and near the interface between the polymer blend layer andTiOx layer. For
deviceswithoutS>shapeJ>Vcharacteristics,i.e.TiOxwithhighermobilityordopinglevels,
thequasiFermi levels aswell as the conductionbandandvalencebandexhibit agradient
throughoutthedevice.
Thedropof theelectric fieldwithin thepolymerblendandwithinTiOx is investigated for










































































within thepolymerblend issmall forall investigatedcases.For theS>shapecharacteristics
thedropintheelectricfieldat0.45Vand0.75Vissmallinthemiddleofthepolymerblend.






At Jsc all photo>generated charge carriers are extracted to the electrodes for the J>V
characteristicswithandwithoutS>shape.Consequently, theelectric fieldwithin thedevice
has to be sufficiently high to transport the charge carriers to their respective electrodes.
Figure5>21illustratestheelectricfielddistributionwithinthedeviceforJ>Vcharacteristics
withandwithoutS>shape.



































allow the simulation of deviceswith andwithout S>shape J>V characteristics.Keeping all
deviceparametersconstant,anS>shapeJ>Vcharacteristiccanbesimulatedbydecreasingthe
conductivityofTiOx.FortheS>shapeJ>Vcharacteristicsthedropoftheelectricfieldisvery
smallwithin the polymer blend for the voltage rangeVth_e toVth_i and comparable toVoc
conditions.TheelectricfielddropsmainlyintheTiOx layerandneartheinterfacepolymer
blend/TiOx. Charge carriers are generated in the polymer blend but not transported to the
electrodes in theextractionmode. In the injectionmode,chargecarrierswhichare injected
into the polymer blend are not transported through the polymer blend. For voltages lower
Vth_eorhigherVth_i for the S>shape J>V characteristics aswell as for the nonS>shape J>V
characteristictheelectricfieldwithinthepolymerblendissignificantlyhigher.
Thenon>uniformelectricfieldovertheOPVdevice,i.e.thedropoftheelectricfieldmainly








reduced mobility or doping of the interfacial layer. To further strengthen this theoretical
finding, the conductivity of the interfacial layer of a devicewhich shows no S>shape J>V






decreases theconductivityat the interface.SiOx is inserted through thermal evaporationof






(ITO/SiOx/P3HT:PCBM/PEDOT:PSS/Ag). For each variation a layer thickness of SiOx of
0.5nm, 1nm, 2nm and 3nm is investigated. Itmust be noted that the thicknesses do not
represent accurate values. The thickness is estimated from the change in frequency of the
quartz crystal microbalance which is integrated in the evaporation system. However,
determinationofthetoolingfactorandthelayerqualitywithe.g.AFMisnotaccessiblefor
such thin layers. Figure 5>22 illustrates the J>V characteristics of devices with different
thicknessesofSiOxinsertedbetweenITOandHBL.








































Figure 5>22: J>V characteristics of OPV cells in the inverted device structure ITO>SiOx>HBL>SC>
anode.AnSiOxlayerthicknessof0.5nm,1nm,2nmand3nmisinvestigated.
For anSiOx layer thicknessof0.5nm the J>Vcharacteristic is not affected and thedevice
showsnoS>shapeJ>Vcharacteristics.Thissuggests thatSiOxdoesnotfullycover theITO
surfaceandthereforedoesnotaffecttheperformanceoftheOPVdevice.Anincreaseinthe
layer thickness of SiOx to 1nm results in an S>shape characteristic which becomes more
pronouncedwiththickerlayers.WithincreasingSiOxlayerthicknesstherequiredvoltageto





indicator that SiOx indeed does not changeVbi.A similar effect is observedwhenSiOx is
insertedbetweenHBLandthesemiconductinglayer,neglectingslightdifferencesataSiOx
layerthicknessof1nm.(Figure5>23)








































Figure 5>23: J>V characteristics of OPV cells in the inverted device structure ITO>HBL>SiOx>SC>
anode.AnSiOxlayerthicknessof0.5nm,1nm,2nmand3nmisinvestigated.
AnincreaseinthelayerthicknessofSiOxfrom1nmto3nmresultsinamorepronouncedS>
shapeJ>Vcharacteristics.Moving the layer fromoneposition in thecell stack to theother
proves that the S>shape is introduced by the SiOx layer and not by a change in surface
morphology or wettability of the HBL. The slightly different S>shapes compared to the
structure ITO/HBL/SiOx and ITO/SiOx/HBL either stem from different effective layer
thicknesses or a different coverage of the SiOx. The more pronounced S>shape J>V
characteristicwith increased SiOx layer thickness for both cases is in excellent agreement
with experimental J>V>curves presented in chapter 5.2.3 as well as with the simulations
whereitisshownthattheincreaseinthedegreeofS>shapecharacteristicscorrelateswitha





the interfacial layer stack.Figure5>24 illustrates J>VcharacteristicswithoutHBL, i.e.ofa
deviceITO/SiOx/P3HT:PCBM.










































Voc is reduced compared to devices with HBL which is explained by the non>adjusted
interface.ExcludingthelossinVoc,thesametendencyasfordeviceswithHBLandSiOxis
observable. The incorporation of a thicker layer of SiOx at the interface results in more
pronounced S>shape J>V characteristics which are related to a lower conductivity at the




(a)The insertion of an SiOx layer thicker than 1nm results in an S>shape J>V
characteristics.
















UV>VIS irradiation of TiOx does increase significantly the conductivity of TiOx while
irradiationwithoutUVradiationleadstoadecreaseoftheconductivityofTiOxfromthehigh
conductivitystate.Thechangefromaperformance limitedOPVcell toanon>limitedOPV
cell is correlatedwith an increase in the conductivity of theTiOx.A high conductivity of
TiOx is essential for the non>S>shape J>V characteristic. These experimental findings are
substantiatedbysimulationswheretheS>shapeJ>Vcharacteristicvanishesbyachangeinthe
conductivityof theTiOx interfacial layerandviceversa.For theS>shapeJ>Vcharacteristic
the electrical fieldwithin the device drops over and nearby the TiOx interfacial layer and
becomeverylittlewithinthephoto>activelayer.ForJ>VcharacteristicswithoutS>shapethe
electrical field is high within the photo>active layer. These results are corroborated by








Organic photovoltaic (OPV) is a promising technology that converts light into electricity.
OPVisespeciallyattractivefor futureenergysupplyscenariosbecauseof lowcost roll>to>
roll productionon flexible substrates and little energypayback times. In thisworkdesign
rulesforOPVcellsforseveralapplicationsofOPVandfortheintegrationofsinglecellsto
modulesarederived.
The shunt resistance of anOPV cell is identified as important parameter in thiswork for
matchingtherequirementsofanOPVmodulewhichisoperatedeitherinlowlightorunder1
sun illumination.Theshunt resistance isprofoundly impactedby interfacematerialswhich
candrastically limit thedeviceperformance.Unadjusted interfacematerials candrastically
limitdeviceperformance.
It isdemonstrated thatahighshunt resistanceanda low leakagecurrentofasinglecell is
essentialforthereversebiasstabilitywhichisanimportantparameterinthecaseofpartial
module shading.OPVcellswitha leakagecurrenthigher than100IA/cm
2
 at >1Vshowa
fast degradation under reverse bias stressing at >5V for 5h by a decrease of the shunt
resistanceunderformationofso>calledhotspots.Theamountandstrengthofsuchhotspots
increases under reverse bias stressing. OPV cells with a sufficiently low leakage current
(<100IA/cm
2
 at >1V) do survive reverse bias stressing at >5V for 5h without further
increaseintheleakagecurrent.
Forindoorapplications,i.e.lowlightapplications,ahighshuntresistanceisrequired.Cells
with comparable performances at 1 sun but different shunt resistances show different
performance under low light conditions. Only those cells with a sufficiently high shunt
resistancewill supply power under indoor illumination. For low light applications a shunt
resistanceof85kLcm²comparedtoashuntresistanceof1kLcm²forilluminationat1sunis
required. The serial resistance is less important for low light applications compared to
illuminationat1sun.Aserialresistanceofbelow50Lcm²isrequiredcomparedto3Lcm²
for illumination at 1 sun. The less severe impact of the serial resistance to the device






It is demonstrated thatOPV cellswith a sufficiently high shunt resistance are feasible for
organic bypass diodes and competitive to inorganic ones. The monolithic integration of
organicsolarcellsasbypassdiodesinmodulesretainstheadvantagesoforganicphotovoltaic
since a “one colour” printing stepofmodules and bypass diodes on a flexible substrate is
possible.
Fordeterminationoftheoriginofhotspotsameasurementmethodisdevelopedutilizingthe





Stacking of solution processed titanium oxide (TiOx) and polyoxyethylene tridecyl ether
(PTE)attheelectronselectivecontactresultsinanimprovementinboththeshuntresistance
and cell efficiency because of higher fill factor (FF). The power conversion efficiency




as electron selective contact. This material enables closer investigations of an interface
materialbecause it is switchablebyUV irradiation fromaperformance limiting interfacial
layer to an excellent interfacial layer. OPV cells with TiOx show an S>shape current>
coltage(J>V)characteristicwithVISilluminationandnoS>shapeJ>VcharacteristicwithUV>
VISirradiation.TheTiOxlayerchangesitsconductivitywithUVirradiationwhichcorrelates
with the vanishing and occurrence of the S>shape J>V characteristics. This behaviour is
elucidated with simulations and it is found that in the presence of an S>shape J>V




to an S>shape J>V characteristic which does not vanish by UV>VIS irradiation. From the







choice of interface materials significantly contributes to the stability and performance of
OPVdevices.AnunadjustedinterfaciallayercanreducetheefficiencyofanOPVcellbye.g.
introducingS>shapeJ>Vcharacteristics.A literature review ispresentedwhichsummarizes
thepresentstatusofinterfacialmaterialsusedforOPV.
Only OPV cells with optimized PCE and lifetime will further increase the potential and




































Abbreviations and Symbols 
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ITO indium tin oxide 
J current density 
Jsc short>circuit current density 
kB boltzmann constant 
LBIC light beam induced current (LBIC) 




MPP maximum power point 
n negative charge carrier density 
ni ideality factor 
OLED organic light emitting diode 
OPV organic photovoltaic 
p positive charge carrier density 
P3HT poly(3>hexylthiophene) 
PANI polyaniline 
PCBM [6,6]>phenyl C61 butyric acid methyl ester 
PCE power conversion efficiency 
PEDOT poly(3,4>Ethylenedioxythiophene) 
Pel electrical power 
PIN luminous power hitting the cell  
POUT electric power output at the MPP 
PSS poly(styrene>sulfonate) 
PTE polyoxyethylene tridecyl ether  
PV photovoltaic 
Q amount of energy transferred through heat 
R recombination rate 
Rp shunt resistance 
Rs serial resistance 
SAM self>assembled monolayer 
SiOx silicon oxide 




TiOx titanium oxide 
UPS ultraviolet photoelectron spectroscopy 
UV ultraviolet 
V voltage 
Vbi built>in voltage 
VIS visible 
Voc open>circuit voltage 
Vthje  threshold voltage for extraction 
Vthji  threshold voltage for injection 
XPS x>ray photoelectron spectroscopy 
σ  conductivity 
Ф work function  
ρ  net charge 
ε  dielectric constant 
Λ  thermal diffusion length 

ρ  density 
λ  thermal conductivity  
ν  energy of photon 
In electron mobility 
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